EP 1 351 390 A1

Europdisches Patentamt

European Patent Office

(19) g)

(12)

Office européen des brevets

(43) Date of publication:
08.10.2003 Bulletin 2003/41

(21) Application number: 03007417.3

(22) Date of filing: 01.04.2003

(11) EP 1 351 390 A1

EUROPEAN PATENT APPLICATION

(51) Intcl.”. HO3K 5/13, HO3L 7/081,
HO4L 7/033, HO3H 11/16

(84) Designated Contracting States:
AT BEBG CHCY CZDE DKEE ES FIFR GB GR
HU IE IT LI LU MC NL PT RO SE SI SK TR
Designated Extension States:
AL LT LV MK

(30) Priority: 01.04.2002 US 368557 P
25.04.2002 US 131033

(71) Applicant: Broadcom Corporation
Irvine, California 92618-7013 (US)

(72) Inventor: Chen, Chun Ying
Irvine, California 92618 (US)

(74) Representative: Jehle, Volker Armin, Dipl.-Ing.
Patentanwalte
Bosch, Graf von Stosch, Jehle,
Fliiggenstrasse 13
80639 Miinchen (DE)

(54) Low jitter phase rotator

(57)  Aphase rotator generates an output signal hav-
ing plurality of possible output phases with reduced
phase jitter. The low jitter phase rotator includes a plu-
rality of differential amplifiers (812) configured to receive
a plurality of input differential signals (250) having dif-
ferent phases, and configured to generate a plurality of
weighted signals (815) responsive to the plurality of in-
put differential signals. A plurality of digital-to-analog
converters (DAC) are arranged into a plurality of groups
(811), each group of DACs configured to provide current
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for one of the corresponding differential amplifiers. The
number of active DACs in each group of DACs deter-
mines a relative weighting of the weighted signals,
where relative weighting determining an output phase
of an output signal of the phase rotator. The DACs are
configured to adjust the output phase of the phase ro-
tator. At a kth phase, N/4 adjacent DACs are activated
that are indexed as mg, my ...M((\4)-1), Wherein N is the
number of said plurality of DACs. At (k+1)th phase, a
mn4)DAC is activated that is adjacent to the my4).1)
DAC. At (k+2)th phase, the my DAC is de-activated.
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Description
BACKGROUND OF THE INVENTION
Field of the Invention

[0001] The present invention relates to an apparatus for generating multiple clocks from a single reference clock
source.

Background Art

[0002] Electronic systems using MPEG (Moving Pictures Experts Group) compression method for video or audio
data is well known. There are several different varieties of MPEG formats currently available. When data is compressed
using MPEG, some of the data is lost during the compression. Such loss of data maybe attributed to different factors
such as variation of components in the system, signal jitter and others.

[0003] MPEG formats are most often used to record video or audio data of the World Wide Web and other sources
to be used for later playback. A user is often inconvenienced by having to wait until recording of the MPEG-coded data
finishes in order to do something else with the data. The time when such recording taking place might also be an
inconvenience to the user. There is a need to provide a better multi-functional system that will enable a user to perform
multiple functions, such as watching a movie on a cable channel, while an MPEG-coded material is being downloaded
from the Internet, or downloading an MPEG-coded material at a preselected time other than the time it is playing.
[0004] Conventionally known systems do not allow a user to perform such multitude of functions without increasing
circuit area and power requirements. In fact, most conventional systems have a large circuit area, require greater
operational power and produce a lot of jitter. Therefore, there is a need for a better system that is capable of performing
the above functions without increasing circuit area and operational power.

BRIEF SUMMARY OF THE INVENTION

[0005] The present invention is a phase rotator that generates an output signal having plurality of possible output
phases with reduced jitter between the output phase states.

[0006] The low jitter phase rotator includes a plurality of differential amplifiers configured to receive a plurality of input
differential signals having different phases, and configured to generate a plurality of weighted signals responsive to
said plurality of input differential signals. A plurality of digital-to-analog converters (DAC) are arranged into a plurality
of groups, each group of DACs configured to provide current for one of said corresponding differential amplifiers. The
number of active DACs in each group of DACs determines a relative weighting of the weighted signals, where relative
weighting determining an output phase of an output signal of the phase rotator. The DACs are configured to adjust the
output phase of the phase rotator. At a kth phase, N/4 adjacent DACs are activated that are indexed as mg, my, ...
M((n/4)-1) Wherein N is the number of said plurality of DACs. At (k+1)!" phase, a my,4)DAC is activated that is adjacent
to the m((n/4)-1) DAC. At (k+2)th phase, the my DAC is de-activated.

[0007] The myth DAC is left active at the (k+1)th phase, and is not deactivated until the (k+2)th. The result is that there
is one more active DACs at the (k+1)th phase than at the kth phase or the (k+2)th phase. Therefore, the gaps between
the kth, (k+1)th, and (k+2)th phase states are reduced, thereby reducing the phase jitter of the phase rotator.

[0008] A shiftregister having N outputs controls the switches in the N-number of DACs. The shift register is configured
to shift N/4 bits through the N outputs, so as to control the corresponding switches of the N number of DACs. The N/
4 bits in the shift register determine the relative weighting of the weighted signals, and thereby determine the output
phase of the output signal. The N/4 bits in the shift register are continuously shifted through the shift register, thereby
causing the output phase to rotate around an 360 degree cycle. The continuous phase rotation causes the output
signal to be frequency shifted based on the rate that the N/4 bits are shifted through said shift register.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0009] The presentinvention is described with reference to the accompanying drawings. In the drawings, like refer-
ence numbers indicate identical or functionally similar elements. Additionally, the left most digit(s) of a reference number
identifies the drawing in which the reference number first appears.

[0010] FIG. 1is a block diagram illustrating an example environment for the present invention may be implemented.
[0011] FIG. 2 is a block diagram of an embodiment of the present invention having a PLL coupled to two phase
rotators.

[0012] FIG. 3 is a more detailed block diagram of an embodiment of the present invention illustrating a logic control
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circuit.

[0013] FIG. 4is an embodiment of the present invention showing a phase locked loop circuit coupled with four phase
rotators.

[0014] FIG. 5 is a more detailed block diagram of an embodiment of the present invention shown in FIG 2.

[0015] FIG. 6 illustrates phase locked loop circuit.

[0016] FIG. 7 illustrates is a block diagram of a 6-bit phase rotator according to the present invention.

[0017] FIG. 8aillustrates a 4-bit phase rotator according to embodiments of the present invention.

[0018] FIG. 8b is a more detailed illustration of an embodiment of the 4-bit phase rotator shown in FIG. 8a.

[0019] FIG. 9 is a block diagram of an embodiment of a digital-to-analog converter shown in FIG. 8a.

[0020] FIG. 10 is a diagram of a full phase cycle showing particular phases.

[0021] FIG. 11 is a table showing sequences representing phases generated by a 4-bit phase rotator.

[0022] FIG. 12 is a table showing sequences representing phases generated by a modified 4-bit phase rotator, ac-
cording to embodiments of the present invention.

[0023] FIG. 13 is a flowchart diagram of the method of operation of the phase rotator in the present invention.
[0024] FIG. 14 is a more detailed representation of a FIG. 13 method step of shifting bits in the phase rotator.

DETAILED DESCRIPTION OF THE INVENTION
[0025] Table of Contents

1. Overview

2. Phase Locked Loop Circuit

3. Multiple Synthesized Clocks with Fractional PPM Control from a Single Clock Source
4. Phase Rotator

5. Low Jitter Phase Rotator

6. Conclusions

1. Overview

[0026] The present invention relates to systems and methods for generating multiple clock sources from a single
reference clock source. The multiple clock sources can be coupled to output circuits that require different frequency
clocks.

[0027] In an embodiment, the present invention includes plurality of phase rotators coupled to the output of a PLL.
The PLL receives a reference signal and generates a plurality of output signals having a respective plurality of phases.
The output signals from the PLL are supplied to the plurality of phase rotators. Each phase rotator is configured to (1)
assign a relative weighting to the signals from the PLL to form a plurality of weighted signals, and (2) combine the
weighted signals to form an output signal, wherein the relative weighting determines an output phase of the output
signal. The output phase is rotated at a continuous rate to implement fine frequency tuning, since frequency is the
derivative of phase.

[0028] The present invention may be implemented in a system, where a plurality of audio or video equipment is
coupled to the PLL. Such equipment may have specific requirements with respect to its driving clock sources.
[0029] FIG. 1 illustrates an example environment for the present invention. The system 100 is shown to have an
analog input pad 120 and an MPEG input pad 121. Input signals having input frequency are supplied through these
two pads. The input signal received by the analog input pad 120 is processed by the video decoder 101. The input
signal received by the MPEG input pad 121 is processed by the MPEG Decoder/Video Generator 102. The signal
generated by the video decoder 101 is also processed by the device 102. The output pad 122 receives an output signal
and is coupled to the device 102. The output signal may be in the form of a video, audio, or other signals.

[0030] The input signals received at the input pads 120 and 121 are processed and supplied to the system as a
control signal (Cpp),) signal from the multiplexor 103, where PPM represents parts per million. The Cppy, signal rep-
resents a desired frequency shift in the output of the PLL 108 in parts per million. The output of the PLL 108 is then
processed by various circuits 104, 109, and 110. For each circuit 104, 109 and 110, the desired frequency may differ.
Therefore, there is an need for a way to generate multiple output signals having different frequencies from a common
PLL.

2. Phase Locked Loop Circuit

[0031] In an embodiment, the present invention includes a phase locked loop (PLL) circuit. The following is a de-
scription of a PLL that may be used by the present invention. It is understood by one skilled in the art that other types
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of PLL circuits may be implemented by the present invention.

[0032] FIG. 6 illustrates a PLL 600 that is used to generate an output clock that is frequency locked to a reference
frequency that is received by the PLL 600. The PLL 600 contains a phase detector 610, low pass filter 620, a voltage
controlled oscillator (VCO) 630, and a divider 640.

[0033] The phase detector 610 is a device that compares the phases of two input signals, generating a phase-error
output that is a measure of their difference. More specifically, the phase detector 610 receives an input reference signal
601 at a first input terminal 603 and a VCO feedback signal 644 at a second input terminal 604. The phase detector
610 compares the phases of the input reference signal 601 with the VCO feedback signal 644. The phase detector
610 includes a charge pump that generates an output current 611 representative of the phase difference between input
reference signal 601 and VCO feedback signal 644.

[0034] The filter 620 low-pass filters the phase detector output 611 to remove high frequency noise, and producing
an output voltage 622. The output voltage 622 of the low pass filter 620 is the control voltage for the VCO 630.
[0035] The VCO 630 receives the control voltage 622 and generates an output signal 633 having a frequency that
is determined by the control voltage 622.

[0036] The divider circuit 640 divides the frequencies of the VCO output signal 633 so that it is consistent with the
frequency of the input signal 601, generating the VCO feedback signal 644.

3. Multiple Synthesized Clocks with Fractional PPM Control from a Single Clock Source

[0037] The present invention relates to systems and methods for generating multiple clock sources from a single
reference clock source. The multiple clock sources can be coupled to output circuits that require different frequency
clocks.

[0038] In an embodiment, the present invention includes plurality of phase rotators coupled to the output of a phase
lock loop PLL. The PLL receives a reference signal and generates a plurality of output signals having a respective
plurality of phases. The output signals from the PLL are supplied to the plurality of phase rotators. Each phase rotator
is configured to assign a relative weighting to the signals from the PLL to form a plurality of weighted signals, and
combine the weighted signals to form an output signal, wherein the relative weighting determines an output phase of
the output signal. The output phase is rotated at a continuous rate to implement fine frequency tuning, since frequency
is the derivative of phase.

[0039] FIG. 2 illustrates a system 200 for generating multiple clocks from a single reference clock according to an
embodiment of the present invention. System 200 includes a phase locked loop circuit 108 coupled to two phase rotator
circuits 205 and 206. The phase rotators 205 and 206 are located outside the phase lock loop 108. It is understood by
one skilled in the art that any number of phase rotator circuits may be coupled to the phase locked loop circuit 108 so
as to generate any number of output signals.

[0040] The phase locked loop circuit 108 has an input terminal 230 that receives a reference signal 231 to the phase
locked loop circuit 108. The reference signal 231 has a reference signal frequency and a reference phase.

[0041] The phase locked loop circuit 108 further has a phase detector 201, a charge pump 211, a low pass filter 202,
a voltage controlled oscillator 203, along with a divider circuit 204. The phase detector 201 receives the reference
signal 231 through its first input terminal 230 and receives a signal fed back from the VCO 203 at its second input
terminal 233. The signal received at the second input terminal 233 is fed back by the divider circuit 204. The phase
detector 201 compares frequencies of signals received at both input terminals 232 and 233, and generates an error
signal that represents the phase difference.

[0042] The charge pump 211 receives the error signal from the phase detector 201 and generates an error current
that drives the low pass filter 202.

[0043] The low pass filter 202 is coupled between the output of the charge pump 211 and the voltage controlled
oscillator 203. The low pass filter 202 filters the output current from the charge pump 211 to remove high frequency
noise, producing a low frequency or DC control voltage for the VCO 203. The passband of the filter 202 may vary
according to requirements of the system 200.

[0044] The VCO 203 receives the control voltage signal from the low pass filter 202, and generates an output signal
having a frequency that is tuned according to the control voltage from the lowpass filter 202. The divider circuit 204 is
coupled between the VCO 203 output and the phase detector input terminal 233. The divider circuit 204 divides the
frequency of the VCO output signal so that it is consistent with the frequency of the input signal 231, allowing the phase
detector 201 to compare the input signal 230 to the feedback signal 233. The divider circuit 204 has a divider ratio that
can be set according to the requirements of the system 200.

[0045] In one embodiment, the VCO 203 includes a plurality of delay cells or buffers that are configured to oscillate.
For example, the buffers can be series-connected, where the output of the buffers is fed back in-phase to the input of
the buffers, causing the buffers to oscillate. Multiple output taps can be taken between the buffers to generate a plurality
of output signals having respective different output phases, as represented by output signals 250 in FIG.2. Each output
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signal 250 has a different output phase, and differs from the output phase of an adjacent signal by the amount of buffer
delay.

[0046] Because the VCO 203 is coupled to the divider circuit 204, the PLL is capable of generating a multiple of the
reference signal frequency 230.

[0047] The phase rotators 205 and 206 each receive the plurality of output signals 250 having corresponding different
phases. The phase rotators 205 and 206 are configured to (1) assign a relative weighting to the signals from the PLL
108 to form a plurality of weighted signals, and (2) combine the weighted signals to form a respective output signal,
wherein the relative weighting determines an output phase of the output signal. More specifically, the phase rotators
205 and 206 continuously rotate their respective output signals through 360 degrees with greater resolution than that
associated with the output signals 250. By continuously rotating the output signals 250, the phase rotators 205 and
206 introduce a frequency shift in the respective output signals 220 and 221, where the amount of frequency shift is
determined by the rotation speed of the respective phase rotator.

[0048] FIG. 10 illustrates a full phase rotation cycle of the output signal 220 (and is also representative of the output
signal 221). The phase rotator 205 continuously rotates the phase of output signal 220 around the full 360 degree
cycle. The continuous phase rotation implements a frequency shift because frequency is the derivative of phase. As
shown in FIG. 10, the phase rotation occurs in steps or increments around the 360 cycle, where a phase state 1005
is shown to be adjacent to a phase state 1004. A gap 1006 is formed between the two adjacent phases 1004 and 1005.
This gap 1006 represents phase jitter and should be minimized by reducing the size of the phase steps.

[0049] In one embodiments discussed further herein, the phase rotators 205 and 206 are able to reduce the amount
of the jitter in the signal by increasing the phase resolution so that the number of phase states around the 360 degree
cycle are increased. In other words, each adjacent phase state is generated closer to the next adjacent phase state,
thereby reducing the phase jitter without increasing circuit size or operational power. In other words, the smaller the
gap 1006 (in FIG. 10), the smaller the jitter in the system. Conversely, the larger the gap 1006, the larger the jitter in
the system.

[0050] A control signal 242, externally supplied to the phase rotator 205, determines the rotation speed of the phase
rotator 205, and therefore the frequency shift introduced by the phase rotator 205. A divider circuit 207 receives the
output of the phase rotator 205 and divides the frequency of the output signal of the phase rotator by the divider ratio
(e.g. 48) to generate the output signal 220.

[0051] A control signal 241, externally supplied to the phase rotator 206, determines the rotation speed of the phase
rotator 206, and therefore the frequency shift introduced by the phase rotator 206. A divider circuit 208 receives the
output of the phase rotator 206 and divides the frequency of the output signal of the phase rotator by the divider ratio
(e.g. 48) to generate the output signal 221.

[0052] FIG. 3illustrates a logic control circuit 370 for the phase rotator 205. A similar logic control circuit controls the
phase rotator 206, but is not shown for ease of illustration. The logic circuitry 370 includes a logic control unit 315 that
receives the control signal 242, which indicates a desired frequency shift to be performed by the phase rotator 205. In
one embodiment, the control signal 242 is a parts per million (PPM) count signal (Cppy), Wwhere Cppy, represents the
amount of desired frequency shift measured in quantities of parts per million. One PPM would represent a frequency
shift of 1 Hz for every 1 MHz of output frequency.

[0053] The Cppy, signal 242 is applied to the logic control unit 315. The logic control unit 315 is coupled with a divider
circuit 371. The divider circuit 371 provides a reference clock phase to an accumulator circuit 364 within the logic
control unit 315. The frequency output of the accumulator circuit 364 is determined by the following formula:

_ 13717 Cepm

364 11
2

where, f3g,4 is an output frequency of the accumulator circuit 364, f374 is an output frequency of the divider circuit 371,
and 2" factor indicates that the accumulator circuit 364 is an 11-bit accumulator circuit. It is understood by one skilled
in the art that the accumulator circuit 364 may an n-bit accumulator circuit.

[0054] The logic control unit 315 is further coupled to a 7-bit counter 313, 7-64 decoder 312, and a latch 311.
[0055] The phase rotator 205 generates an even greater number of phases from the plurality of phases already
generated by the phase locked loop circuit 108. More specifically, the phase rotator 205 continuously rotates the output
signals through 360 degrees with greater resolution than that associated with the output signals 250. By continuously
rotating the output signals 250, the phase rotator 205 introduces a frequency shift in the output signals 220, where the
amount of frequency shift is determined by the rotation speed of the respective phase rotator. The rotation speed of
the phase rotator is controlled by the control signal supplied to it by the logic circuitry 370.

[0056] The frequency of the output signals 250 are determined using the input signal frequency 231 and an error
factor. The error factor is derived from the value of the control signal (Cpp),), according to the following equations:
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four = f/N+CZP1PsM* % M
where

fyco = DividerRatio*fy )
where:

fin is the frequency of the input signal 231 received at the input terminal 230; o7 is the frequency of the output
signal 220; and fy,c¢ is the oscillating frequency of the voltage controlled oscillator 203; N is a divider ratio set by the
divider circuit 371 within the logic control unit 315 (e.g., N = 64 in this embodiment). Furthermore, the factor 218 indicates
that the system comprises the 7-bit counter 313 and the 11-bit accumulator circuit 364.
[0057] The 7-bit counter 313 receives data-in bits from the logic control unit 315. In one embodiment, the counter
313 is capable of storing a 7-bit digital word. The 7-bit counter 313 may be substituted with any other counter depending
on how many phases are generated by the phase rotator 205. Once the counter has a 7-bit digital word formed from
bits sent to it, the counter 313 forwards the digital word to the decoder 312. The decoder 312 converts 7-bit digital word
into a 64-character sequence of 0's and 1's. The latch 311, which is also coupled to the logic control unit 315 is preset
so that when the counter 313 has a 7-bit digital word and it is properly decoded by the decoder 312, the latch will toggle
the phase rotator 205 to increase or decrease the speed of the phase rotation, to adjusting the frequency shift provided
by the phase rotator 205.
[0058] The counter 313 receives information in bits from the logic control unit 315. Such information may be modified
by the unit 315 by adding or subtracting bits via a sign bus 325. By adding bits to the counter, the phase rotator is
rotating clockwise. By subtracting the bits from the counter, the phase rotator is rotating counterclockwise. Referring
back to FIG. 10, the clockwise rotation is shown by a directional arrow 1011 and the counterclockwise rotation is shown
by a directional arrow 1012.
[0059] Referring back to FIG. 3, once the counter 313 has a value (i.e., a 7-bit digital word), it would mean that the
a phase rotator needs adjust its rotation speed. After which, the counter value is reset so that the operation cycle is
changed until the counter 313 reaches the desired value.
[0060] The logic control unit 315 also includes the accumulator 364 coupled to a timing synchronization latch 361.
The accumulator 364 further comprises a latch 362 coupled to a most significant bit (MSB) device 363. The accumulator
364 sends a MSB signal 365 to the 7-bit counter 313. The most significant bit device 363 determines that portion of a
number, address or field which occurs leftmost when its value is written as a single number in conventional hexadecimal
or binary notation.
[0061] If the MSB device 363 determines that the first bit sent to the counter is 0, then the bits are subtracted and
the phase rotator rotates counterclockwise. If the MSB device 363 determines that the first bit is 1, then the bits are
added and the phase rotator rotates clockwise.
[0062] By supplying signal 242 to the logic control unit 315, the signal is processed by the synchronization latch 361
and latch 362. Depending on the value of the Cpp),, the number of bits received by the 7-bit counter 313 via connection
325 is either increased or decreased. However, once the counter 313 has 7-bits of data (according to this particular
embodiment), the number of bits does not change.
[0063] Once the 7-bit counter 313 has a count, i.e., it has received 7-bits of data and the decoder 312 has decoded
it, the latch 311 sends a signal to the phase rotator 310 to set or adjust the rotation speed of the phase rotator 205.
[0064] In an embodiment of the present invention, the input reference signal 231 is at 27MHz. In this embodiment
of the presentinvention, the divider ratio is 48. Therefore, the voltage controlled oscillator 203 oscillates at approximate
an frequency of 1.3GHz. If the VCO 203 is oscillating at 1.3GHz, then the frequency of the output signal 220 is deter-
mined using formulas (1) and (2) above. In a particular embodiment:

Cppwm, (48*27 MHZ) @)
18 64

four = 27 MHz +

where Cpp)y is @ programmable 12-bit digital signal. It is understood by one skilled in the art that Cpp)y may assume
any other value according to the requirements of the system, as well as the divider circuit ratio 64 can be any other ratio.
[0065] Referring to FIG. 5, the present invention is shown to have a single phase locked loop circuit 108 coupled
with two phase rotator circuits 205 and 206. FIG. 5 is a more detailed representation of FIG. 2, discussed above. FIG.
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5 shows present invention's system 200. The system 200 comprises the phase locked loop circuit 108 for receiving
an input reference signal 231 at the input terminal 230. The PLL 108 is coupled to two phase rotator circuits 205 and
206. The first phase rotator circuit 205 is coupled to a logic control unit 518. The second phase rotator circuit 206 is
coupled to a logic control unit 519. Two Cppy, signals 241 and 242 are supplied to the second and first phase rotator
circuits, respectively. Each logic control unit receives PPM count signals 241 and 242 and activates respective phase
rotators to rotate at speeds determined by the control signals 241 and 242. The output signal having an output frequency
matching the reference signal frequency is received at output terminal 302 and is determined using formulas (1) and
(2) above.

[0066] Referring back to FIG. 2, the present invention is shown having PLL 108 coupled to two phase rotator circuits
205 and 206. It is understood by one skilled in the art, that other combinations are possible. For example, referring to
FIG. 4, the present invention is shown as system 460. The system 460 has the phase locked loop circuit 108 receiving
an input signal at the input terminal 230. The PLL 108 is coupled to four phase rotator circuits 465 (a, b, c, d). The PLL
108 outputs a plurality of output signals having a plurality of phases 461, which are supplied to each of the phase
rotator circuits 465 via connectors 462(a, b, ¢, d), respectively.

[0067] Each phase rotator circuit 465(a, b, ¢, d) further coupled to a logic control unit 466(a, b, c, d), respectively.
Each logic control unit 466(a, b, c, d) is controlled by a Cpppa, b ¢, ) Signal 470(a, b, ¢, d), respectively. The Cppy
signals activate each respective phase rotator 465(a, b, c, d) to begin generating phases, and control the phase rotation
speed, and thereby the frequency shift introduced by each phase rotator.

4. Phase Rotator

[0068] As discussed above, the phase rotator (also called a "phase interpolator") generates more phases out of the
fixed number of phases that are received from the phase locked loop circuit, and the phases are continuously rotated
(in time) to implemented a frequency shift in the output signal. The phases are rotated in an incremental manner, where
the difference between two phase states is referred to as jitter, and generally should be reduced.

[0069] A rotator consists of a plurality of digital-to-analog converters (DACs) coupled together into a group according
to clock phase sources of 0°,90°,180°, and 270°. The phase rotator operates in a full phase cycle of 360°.

[0070] Referring to FIG. 10, a full phase cycle 1000 of 360° is shown to have a first clock phase source 1001 at 0°,
a second clock phase source 1002 at 90°, a third clock phase source 1008 at 180°, and a fourth clock phase source
1009 at 270°. Each clock phase source represents one quarter of the full phase cycle 1000. The clock phase is defined
by a relationship where the frequency of a continuously rotated signal is a derivative of the clock phase.

[0071] The number of DACs determines the phase jitter in the system. The smaller the number of DACs, the greater
the phase jitter or noise, the greater the number of DACs the smaller the jitter. This occurs because the number of
DAC also determines the number of phase states that exist in the 360 degree rotation cycle. The greater the number
of DACs, the greater the number of phase states. The phase jitter must be significantly reduced without increasing
circuit space and power to operate the circuit.

[0072] Referring to FIG. 10, phase jitter is represented as a gap that is formed between two adjacent phases gen-
erated by the phase rotator. For example, if phase represented by arrows 1004 and 1005 were adjacent phases, the
gap 1006 formed between two phases would represent jitter in the system. The larger the gap, the greater the jitter.
Conversely, the smaller the gap, the smaller the jitter.

[0073] Each DAC group is controlled by a differential signal supplied to the group. The differential signal may come
from a phase locked loop circuit coupled with the phase rotator. The PLL may have a plurality of delay cells that may
be paired up to generate a plurality of differential signals to be supplied to the phase rotator.

[0074] A DAC comprises a switch and a current source. Whenever a current is applied to a DAC and a switch is
closed, the digital value of the DAC is 1. When no current is applied to the DAC, the digital value of the DAC is 0.
Therefore, any data signals sent to the system will generate current and when this current is applied to the DAC it is
represented by a sequence of 0's and 1's in a digital form. Thus, if an n-bit word is received, it is represented by a
sequence of O's and 1's.

[0075] Since the decoded digital word is represented by a binary number (0's or 1's), then the entire length of the
decoded digital word may be represented by 2", where n is an integer. The integer n is a number of characters in a
digital word (i.e., 4-bit, 6-bit, etc.) that are decoded by the rotator's decoder. Therefore, in a 4-bit phase rotator, n equals
to 4 and the length of the digital word is 16. In a 6-bit phase rotator, n is 6 and the length of the digital word is 64.
[0076] The number of characters that need to be decoded determines how many bits in the decoded digital word
would be 1 and how many would be 0. Therefore, in a 4-bit rotator, in the decoded digital word of length 16, there are
4 ones and 12 zeros. Similarly, using the 6-bit rotator, 8 ones and 56 zeros are generated. Each 1 in the decoded digital
word corresponds to a DAC being turned on. This means that the switch located in that DAC is closed and the current
is supplied to the DAC. Each 0 in the decoded digital word corresponds to a DAC being turned off. This means that
the switch located in that DAC is open and no current is supplied to it.
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[0077] Each decoded digital word represents a particular phase state of the 360 degree phase cycle that is shown
in FIG.10. An output phase is determined by computing the mean of phases defined by adjacent clock phase sources
(i.e., 0°, 90°, 180°, or 270°). Therefore, if there are two phases from two adjacent clock phase sources (e.g., 0° and
90°), then the output phase would equal to the mean of the two phases. The following formula represents how the new
output phase ¢ is computed using the two phases ¢, and ¢, from two adjacent clock phase sources:

cos(2nft + gg) = Nk-cos(ant v+ (N’\'lk)cos(ant + 0p) )

where k corresponds to the number of DACs that have value 1 in a particular clock phase source (i.e., 0°, 90°, 180°,
or 270°), N corresponds to the total number of bits in the DAC (i.e., in a case of 6-bit rotator, there are 8 bits per each
clock phase source), f and t correspond to frequency and time, respectively.

[0078] In the rotator, the output phase is determined by how many DACs have a value of 1, i.e., a current is supplied
to the DAC. For instance, in a 4-bit rotator, if first four DACs (out of 16) have a value of 1, then the output phase is
determined by the following

4* o 9* o 9* o 9* o) = o
77(0°) + 7*(90°) + 7°(180°) + 2*(270°) =0 (5)

Therefore, the output phase is 0°. In a second example, the first DAC has a value of 0, and the following four DACs
have a value equal to 1. Therefore, the output phase is computed as follows:

Output phase = %*(00) ¥ ‘11*(900) ¥ %*(180") ¥ %*(2700) =225 ©6)

Therefore, the output phase is 22.5°. The output phase depends on how the current is supplied to each digital-to-
analog converter within each clock phase source (0°,90°,180°,270°). Current supply to the DAC corresponds to the
value of 1 assigned to the DAC and in the calculation of the output phase counts towards determination of the fraction's
numerator of each clock phase source contribution. Referring to the second example above, 3 DACs have a current
supplied to them at clock phase source of 0°, and 1 DAC has a current supplied to it at clock phase source of 90°, to
produce 22.5° output phase.

[0079] Therefore, by decoding information located in the n-bit word supplied to the rotator, the rotator is capable of
producing a 2" sequence of O's and 1's, where there are n ones and (2" - n) zeros. Therefore, since there are 2"
combination representing different decoded digital words are possible. Then, the number of phases is 2".

[0080] Once the rotator decodes an n-bit digital word into a decoded digital word, the rotator will shift the output
phase depending on how the new phases are supplied at each clock phase source. Such shift is performed in a con-
tinuous manner. This is accomplished by changing the assigned value of the DACs from 0 to 1 or from 1 to 0. In order
to change the value assigned to the DAC, a switch located within each DAC must either be opened or closed. Closed
switch means that there is current suppled to the DAC and DAC assumes value of 1 and open switch means that there
no current suppled to the DAC and DAC assumes value of 0. By switching DACs on and off, it is possible to achieve
a shift in the phase, as indicated in the table in FIG 11. When there is a shift in the phase, the output phase changes,
since the number of 1's and 0's corresponding to a particular DAC changes within each clock phase source.

[0081] When input phases shift, depending on whether the rotator is 4-bit or 6-bit or other, there is a gap formed
between the output phases. For instance, using the 4-bit rotator, the phase represented by the digital word of
0111100000000000 is 22.5 °and the phase represented by the digital word of 0011110000000000 is 45°. Therefore,
there is a gap between the above phases of 22.5°. When fine tuning is required, such gap creates jitter in the system,
causing distortion in the signal supplied to the output of the system and making it difficult to operate various components
coupled to the system. The jitter can be reduced by using a 6-bit rotator, where 8 DACs, at any given time, have value
of 1. However, there is still a gap of about 5.625°. This also creates jitter in the system. Furthermore, a 6-bit rotator
requires more area and power than a 4-bit rotator.

[0082] It is desirable to reduce the jitter and create a greater number of output phases without increasing the phase
rotator size or increasing the power requirements needed to operate the phase rotator. In an embodiment, a 6-bit rotator
may be used, however, other types of rotators may be used. A 6-bit rotator would generate 64 output phases, out of
which a desired phase may be selected. Nonetheless, the gap between two adjacent output phases may be on the
order of 5.625 °, as described above.

[0083] FIGS. 8a and 8b illustrate 4 DACs placed in groups corresponding to four clock phase sources. FIGS. 8a and
8b represent an example of a 4-bit rotator, where FIG. 8b is a more detailed view of FIG. 8a. The 4-bit rotator receives
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a 4-bit digital word and decodes that word into a sequence of 0's and 1's. This sequence represents a decoded version
of the 4-bit word. The 4-bit word is decoded into 16-digit sequence of 0's and 1's. Each 0 and 1 corresponds to a single
DAC in the rotator. Thus, in a 4-bit rotator there are 16 digital-to-analog converters, as shown in FIGS. 8(a, b) and 9.
[0084] Referring to FIGS. 8(a, b) and 9, a 4-bit rotator is shown. The current supplied to the rotator is converted to
voltage through a load resistor. The voltage output becomes an interpolated phase of clock from two adjacent clock
phase sources.

[0085] The 4-bit rotator 205 is shown in FIG. 8a having four groups of digital-to-analog converters 811 (a, b, c, d).
The groups 811 correspond to four clock phase sources of 0°, 90°, 180°, 270°, respectively. FIG. 9 is a more detailed
view of each DAC group 811. Each DAC group 811 comprises of four digital-to-analog converters 917 (a, b, ¢, d). Each
DAC 917 further comprises a switch and a current source. The number of DACs 917 in each group 811 varies with the
number of bits in the rotator.

[0086] Differential amplifiers 812 are coupled with corresponding DAC groups 811, where the DAC group 811 pro-
vides bias current for the corresponding differential amplifier 812. Each differential amplifier 812 comprises a pair of
MOS devices 813 (a, b, c, d) and 814 (a, b, c, d), respectively, so as to provide a differential output 803a and 803b.
The MOS devices 813 (a, b, ¢, d) and 814 (a, b, c, d) are controlled by differential signals 250 supplied by the phase
locked loop circuit 108 of the presentinvention. For example, the PLL output signals 250 can be applied to the respective
gates of the MOS devices 813 and 814. In an embodiment, the PLL has eight delay cells producing four differential
signals, one for each differential amplifier 812. For example, referring to FIG. 8a, differential signal 250a is applied to
the differential amplifier 812a, differential signal 250b is applied to the differential amplifier 812b, and so on. (It is noted
that the "-1" and "-2" in the FIG. 8a represent the positive and negative components of the differential signal)

[0087] The PLL output signals 250 modulate the differential amplifiers 812, in accordance with the current supplied
by the active DACs 917 in each respective DAC group 811, to produce weighted output signals 815(a, b, c, d). The
weighted output signals are weighted relative to each other based on the DAC 917 that are active, as will be described
further below. The weighted output signals 815 (a, b, ¢, d) are combined at the output terminals 803 (a, b) to produce
a differential output signal 804(a, b). The differential output signal 804 represents a phase state of the 360 degree
cycle, as determined by relative weighting of the weighted output signals 815 (a, b, c, d).

[0088] As described above, a value of either 0 or 1 is assigned to each of the DACs 917 depending on whether a
current is supplied to the DAC 917 or not. If a current is supplied to the DAC 917, then the value that is assigned to
that DAC 917 is 1. If the current is not supplied to the DAC 917, then the value of that DAC 917 is 0. Since, there are
only two values that can be assigned to each DAC 917 and a 4-bit word is supplied to the rotator, then a sequence of
sixteen Q's or 1's is generated representing a 4-bit word, as stated above.

[0089] FIG. 8b further describes the phase rotator 205. Referring to FIG. 8b, each DAC 917 (a, b, c, d) is represented
by a switch 916 (a, b, ¢, d) and a respective current source 915 (a, b, c, d). Each switch 916 is controlled by a corre-
sponding bit in a switch register 890, having individual register outputs 891. The register outputs 891 are grouped
together in groups 890a through 890d, to correspond with the DAC groups 811. Each group 890 (a, b, ¢, d) corresponds
to a particular clock phase source of 0°, 90°, 180°, 270°. When a register output 891 is a "1", then the corresponding
switch 916 is closed, and current is supplied to the DAC 917. When a register output 891 is a "0", then the corresponding
switch 916 is closed, and current is not supplied to the corresponding DAC 917. The result is that the PLL output signals
250 are weighted by the corresponding DACs 917 to produce weighted output signals 815a-d. The weighted output
signals 815 (a, b, c, d) represent the clock phase sources (0°, 90°, 180°, 270°), weighted by the corresponding DACs
917. The weighted output signals 815 are combined at the differential output terminals 803, to produce the differential
output signal 804, where the output signal 804 represents one of the phase states of the 360 degree cycle illustrated
in FIG. 8b.

[0090] The switch register 890 incrementally shifts a group of "1"s through the output ports 891, where the number
of "1"s in a group is 2"/4 (n representing number of bits in the phase rotator). As a result, the relative weighting of the
weighted output signals 815(a, b, ¢, d) continuously changes over time. The differential output signal 804 can be seen
to rotate around the 360 degree cycle that is shown in FIG. 10. This is further described by FIGS. 11 and 12, and the
relative discussion given below.

[0091] FIG. 11 illustrates sixteen phases of the 4-bit phase rotator that is shown in FIGS. 8a and 8b. The table by
means of which these phases are shown is represented as follows: the rows or "levels" represent particular phase
states at a point in time and the columns describe a value (either 0 or 1) assigned to each digital-to-analog converter
917 in the phase rotator by the corresponding shift register output 891. Each level represents a particular phase state
around the 360 degree cycle. The next phase is the previous phase shifted. For a 4-bit rotator, there are four DACs
917 assigned to each phase clock source (0°, 90°, 180°, 270°). Thus, first four columns in FIG. 11 represent the first
phase clock source (0°), the next four columns represent the second phase clock source (90°) and so on. The output
phase is calculated, as is described above, by taking a mean of each of the phase clock sources' corresponding values.
[0092] Still referring to FIG. 11, the first phase corresponding to 0° is shown at level 0 and is represented by the
following sequence: 11110000000000. The next phase is represented by 0111100000000000 at level 1. The level 1
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phase is the level 0 shifted by one bit. The phase at level 1 corresponds to 22.5°. All of the sixteen phases generated
by the 4-bit phase rotator are shown in sequence. The sequence 1111000000000000 can represent a decoded 4-bit
digital word that corresponds to a first digital word before the rotator shifts the phase by some degree, as shown in
row 0, FIG. 11. When the 4-bit rotator shifts a phase, the next decoded digital word is represented by the following
sequence: 0111100000000000 (FIG. 11, row 1).

[0093] A 6-bit phase rotator can generate 64 phases, and includes 64 DACs 917 that are grouped accordingly to
each adjacent clock phase sources of 0°, 90°, 180°, or 270°. Each group 711 of DACs 917 has sixteen DACs 917 as
shown in FIG. 7. A 6-bit digital word is decoded into a sequence of 0's and 1's that is 64 characters long. At any given
time, there are eight corresponding DACs that have a value of 1 (meaning the current is supplied to the DAC) and the
rest of the DACs have a value of 0 (meaning the current is not supplied to the DAC). The 6-bit phase rotator operates
similar to the 4-bit rotator but has more bits and more phase states.

[0094] Referring to back to FIG. 10, two adjacent phases generated by the 6-bit phase rotator are shown. A phase
1004 represents a 45 ° phase generated by a 6-bit rotator. Phase 1005 represents a 33.75° phase, where phase 1005
is an adjacent phase to the phase 1004. A gap 1006 of 11.25° is formed between phases 1004 and 1005. The gap
1006 represents the jitter in the system, when the 6-bit rotator is used to generate and shift phases.

5. Low Jitter Phase Rotator

[0095] In one embodiment, the rotator is implemented to minimize the jitter in the system. More specifically, when
the 6-bit rotator shifts from one phase to another (i.e., switching off the first DAC, having the value of 1, and switching
on the DAC, having value 0 and following the last DAC having value 1), the current is still suppled to the original first
DAC having the value of 1. Therefore, during the next phase, the digital word has nine DACs that have a value of 1.
In the next phase shift, only the first DAC is switched off, thereby assuming the value of 0. The phase shift, therefore,
proceeds in two stages, thus, generating two separate phases. This procedure is repeated to transition to the other
phase states.

[0096] In effect, the 6-bit rotator becomes a 7-bit rotator without increasing the circuit size or increasing the power
to operate the DAC. The number of output phases generated becomes 128, which is a double of the original 64 output
phases that is achieved with a 6-bit rotator. This can narrow the difference between two adjacent phases down to 2.5°,
which reduces the jitter in the system. In an embodiment, the above techniques reduces the jitter in the system by 6dB.
[0097] FIG. 12 furtherillustrates the jitter reduction for a 4-bit phase rotator. Referring to level k, the phase represented
by sequence of 0000001111000000 is shown corresponding to 135°. The phase, shown at level k+1, represented by
sequence 0000001111100000 corresponds to 144°. The phase, shown at level k+2, represented by 0000000111100000
corresponds to 157.5°. In the conventional 4-bit phase rotator, the phases at level k and k+2 are adjacent phases, and
the difference between these two phases would be 22.5°. Whereas, in the present invention, the difference between
adjacent phases is narrowed between adjacent phases. Phases at levels k and k+2 are no longer adjacent phases.
Phases at levels k and k+1 are adjacent phases and phases at levels k+1 and k+2 are adjacent phases. The phase
difference between phases at levels k and k+1 is 9 ° and the phase difference between phases at levels k+1 and k+2
is 13.5°. Since, the phase difference between the adjacent phases is smaller than in the convention system, the amount
of jitter is reduced.

[0098] The operation of the low jitter phase rotator as described by the 4-bit example in FIG. 12 can be generalized
as follows for an n-bit phase rotator made up of a N= 2"-number of digital-to-analog converters (DAC). The generalized
discussion is further described by flowchart 1300 in FIG. 13.

[0099] At step 1302, a phase rotator is provided that is controlled by a group of N= 2" digital-to-analog converters
(DACs). For example, the phase rotator 205 in FIGS. 8a and 8b includes a N-bit DAC 811 that controls the phase
rotator, where N is 16 in FIGS. 8a and 8b.

[0100] Atstep 1304, m = N/4 bits are shifted through the DAC 811 at a constant rate to control the DAC current, and
the output phase of the phase rotator. For example, FIG. 12 illustrates shifting bits through the DAC to control the
output phase of the phase rotator.

[0101] The step 1304 in the flowchart 1300 can be further described by the flowchart 1400.

[0102] At a kth phase in step 1402, the phase rotator is configured to have a first group of DACs having m = N/4
DACs that are active, indexed as mg, my, ..My 4. 1)- For example, referring to FIG. 12 at level k, the DACs #7-10 are
active, where DAC #7 represents mg, and DAC #8 represents m4, DAC #9 represents m,, and DAC #10 represents ms.
[0103] At (k+1)th phase at step 1404, the phase rotator is configured to have a second group of DACs having (m+1)
DACs active, indexed as mgy, my, cee M) For example, referring to FIG. 12, the DACs 7-11 are active, where DAC
#11 represents my.

[0104] At (k+2)th phase at step 1406, the phase rotator is configured to have a third group of m DACs active, indexed
as my, My, .... M. For example, referring to FIG. 12, the DACs 8-11 are active.

[0105] The steps in flowchart 1400 are continuously repeated for all the phase states around the 360 degree phase
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cycle. Itis noted that the myth DAC is left active at the (k+1)t phase, and is not deactivated until the (k+2)!. The result
is that there is one more active DAC at the (k+1)t" phase than at the kth phase or the (k+2)th phase. Therefore, the
gaps between the kth, (k+1)th and (k+2)th phase states are reduced, thereby reducing the phase jitter of the phase
rotator.

[0106] Itis understood by one skilled in the art that the low jitter phase rotator is not limited to having four clock phase
sources. In another embodiment, the phase rotator may be provided that is controlled by a group of N digital-to-analog
converters (DACs), where N is a positive integer. For example, the phase rotator 205 in FIGS. 8a and 8b includes N-
bit DAC 811 that control the phase rotator, where M < N. At any given time, m=M bits are shifted through the DAC 811
at a constant rate to control the DAC current, and the output phase of the phase rotator.

[0107] At a kth phase, the phase rotator is configured to have a first group of DACs having m = M DACs that are
active, indexed as mg, My, ...Mgy.1).

[0108] At (k+1)th phase, the phase rotator is configured to have a second group of DACs having m = M+1 DACs
active, indexed as mg, my, My

[0109] At (k+2)h phase, the phase rotator is configured to have a third group of m DACs active, indexed as mj,
My, ... Moy)-

[0110] The above steps are continuously repeated for all the phase states around the 360 degree phase cycle. Itis
noted that the myth DAC is left active at the (k+1)th phase, and is not deactivated until the (k+2)th. The result is that
there is one more active DAC at the (k+1)th phase than at the kth phase or the (k+2)!h phase. Therefore, the gaps
between the kih, (k+1)t, and (k+2)th phase states are reduced, thereby reducing the phase jitter of the phase rotator.

6. Conclusion

[0111] Example embodiments of the methods, circuits, and components of the present invention have been described
herein. As noted elsewhere, these example embodiments have been described for illustrative purposes only, and are
not limiting. Other embodiments are possible and are covered by the invention. Such embodiments will be apparent
to persons skilled in the relevant art(s) based on the teachings contained herein. Thus, the breadth and scope of the
present invention should not be limited by any of the above-described exemplary embodiments, but should be defined
only in accordance with the following claims and their equivalents.

Claims

1. A method of shifting the output phase of a phase rotator between adjacent phase states, the phase rotator having
N digital-to-analog converters (DAC) that determine said output phase of the phase rotator, the method comprising
the steps of:

(a) at a kth phase, activating N/4 adjacent DACs that are indexed as Mos My oo M((N/4)-1);
(b) at (k+1)th phase, activating a mn/4) DAC that is adjacent to said m(y;4).1) DAC; and
(c) at (k+2)th phase, de-activating said my DAC.

2. A phase rotator, comprising:

a plurality of differential amplifiers configured to receive a plurality of input differential signals having different
phases, and configured to generate a plurality of weighted signals responsive to said plurality of input differ-
ential signals; and

a plurality of digital-to-analog converters (DAC) that are arranged into a plurality of groups, each group of
DACs configured to provide current for one of said corresponding differential amplifiers, wherein a number of
active DACs in each group of DACs determines a relative weighting of said weighted signals, said relative
weighting determining an output phase of an output signal of said phase rotator;

an output terminal configured to combine said plurality of weighted signals;

wherein said DACs are configured to produce a k" phase, a (k+1)th phase, and a (k+2)th phase as follows,
(a) at a kth phase, N/4 adjacent DACs are activated that are indexed as Mg, My, ...M(N/4)-1)s wherein N is the
number of said plurality of DACs,

(b) at (k+1)th phase, a mn/4)DAC is activated that is adjacent to said m(y;4).1) DAC, and
(c) at (k+2)th phase, said my DAC is de-activated.
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The phase rotator of claim 2, wherein each of said DACs includes a current source that is series-connected to a
switch.

The phase rotator of claim 3, further comprising a means for operating said switches in said DACs.

The phase rotator of claim 3, further comprising a shift register having N outputs corresponding to said N-number
of DACs.

The phase rotator of claim 5, wherein said shift register is configured to shift N/4 bits through said N outputs, so
as to control said corresponding switches in said DACs, and thereby determine said relative weighting of said
weighted signals, and thereby determine said output phase of said output signal.

The phase rotator of claim 6, wherein said N/4 bits are continuously shifted through said shift register, thereby
causing said output phase to rotate around an 360 degree cycle.

The phase rotator of claim 6, wherein said output signal is frequency shifted based on a rate that said N/4 bits are
shifted through said shift register.

The phase rotator of claim 6, wherein a logic control circuit determines a rate that said N/4 bits are shifted through
said shift register, said rate determining a rotation speed of said output phase of said output signal.

The phase rotator of claim 9, wherein said rate determines a frequency shift of said output signal.

The phase rotator of claim 1, wherein said different phases of said input differential signals represent a plurality
of clock sources including 0°, 90°, 180°, and 270°, said clock sources weighted by said active DACs in said plurality
of DACs.

The phase rotator of claim 1, wherein each differential amplifier includes a first field effect transistor (FET) and a
second FET having their respective sources connected to a common current output of one of said DACs, respective
gates of said first and second FETs receiving a respective input differential signal, drains of said first and second
FETs connected to said output terminal.

A phase rotator, comprising:

a plurality of circuits configured to receive a plurality of input signals having different phases, and configured
to generate a plurality of weighted signals responsive to said plurality of input signals; and

a plurality of digital-to-analog converters (DAC) that are arranged into a plurality of groups, each group of
DACs configured to provide current for one of said corresponding circuits, wherein a number of active DACs
in each group of DACs determines a relative weighting of said weighted signals, said relative weighting de-
termining an output phase of an output signal of said phase rotator;

an output terminal configured to combine said plurality of weighted signals;

wherein said DACs are configured as follows to adjust said output phase,

(a) at a kth phase, N/4 adjacent DACs are activated that are indexed as mg, my, -..M((N/4)-1), Wherein N is the
number of said plurality of DACs,

(b) at (k+1)th phase, a mn/4)DAC is activated that is adjacent to said m(yy4).1) DAC, and

(c) at (k+2)th phase, said my DAC is de-activated.

The phase rotator of claim 13, further comprising a shift register having N outputs corresponding to said N-number
of DACs, wherein said shift register is configured to shift N/4 bits through said N outputs, so as to control said
corresponding switches in said DACs, and thereby determine said relative weighting of said weighted signals, and
thereby determine said output phase of said output signal.

A method of shifting the output phase of a phase rotator between adjacent phase states, the phase rotator having

a plurality of digital-to-analog converters (DAC) that determine said output phase of the phase rotator, the method
comprising the steps of:

12
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(a) at a kth phase, activating M adjacent DACs that are indexed as Mo, My, .. Mip1y;
(b) at (k+1)th phase, activating a my; DAC that is adjacent to said Mv-1) DAC; and
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(c) at (k+2)th phase, de-activating said my DAC.
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